Introduction
Vanin genes were discovered recently following mouse thymus reconstitution experiments after irradiation (1) . The mouse gene cluster includes Vanin-1 and Vanin-3 (2, 3) preferentially expressed by epithelial and myeloid cells, respectively (4) . Vanin-1 and Vanin-3 transcripts show ubiquitous but heterogeneous tissue distribution in vivo, with Vanin-1 being the predominantly expressed isoform in the gut. Vanin-1 is a glycosylphosphatidyl inositol (GPI) anchored to cell membranes, whereas Vanin-3 is secreted. Vanin genes encode a pantetheinase (EC 3.5.1.) (5, 6 ) that hydrolyzes pantetheine to pantothenic acid (vitamin B5) and cysteamine (7) . Cysteamine is a low-molecular thiol broadly distributed in organisms, from Drosophila to humans. This wide distribution and the mechanisms involving low-molecular thiols are likely to reflect the early steps of molecular evolution (8) . In vivo, cysteamine is in equilibrium with its oxidized form cystamine at concentrations of approximately 20 µM (9) (10) (11) (12) . Cystamine is believed to be a key regulator of essential metabolic pathways. It acts by sulfhydryl-disulfide exchange reactions between sulfhydryl groups at or near the active site of the enzymes and the oxidized form, cystamine (13) (14) (15) (16) . The enzymes putatively inhibited by cysteamine include γ-glutamylcysteine synthetase (γ-GCS), which catalyzes the key step in glutathione (GSH) synthesis (17) (18) (19) . This enzyme activity is of central importance because GSH fulfills many important and chemically complex roles in protecting cellular components from the deleterious effects of toxic species (20) . Cysteamine can have dramatic effects, since its administration is widely used as an experimental model of duodenal ulcers (21) . Nevertheless, the physiological importance of cysteamine remains elusive.
To explore this point, we developed Vanin-1-deficient (Vanin-1 -/-) mice. Deficient mice lack free cysteamine (6) . Because of the high Vanin-1 gene expression in the gut and cysteamine-induced intestinal injury, we examined the susceptibility of Vanin-1 -/-mice to NSAID intestinal injury. In addition, we used a model of chronic intestinal inflammation, Schistosoma infection. The Schistosoma Vanin-1 is a membrane-anchored pantetheinase highly expressed in the gut and liver. It hydrolyzes pantetheine to pantothenic acid (vitamin B5) and the low-molecular-weight thiol cysteamine. The latter is believed to be a key regulating factor of several essential metabolic pathways, acting through sulfhydryl-disulfide exchange reactions between sulfhydryl groups of the enzymes and the oxidized form, cystamine. Its physiological importance remains to be elucidated, however. To explore this point, we developed Vanin-1-deficient mice that lack free cysteamine. We examined the susceptibility of deficient mice to intestinal inflammation, either acute (NSAID administration) or chronic (Schistosoma infection). We found that Vanin-1 -/-mice better controlled inflammatory reaction and intestinal injury in both experiments. This protection was associated with increased γ-glutamylcysteine synthetase activity and increased stores of reduced glutathione, as well as reduced inflammatory cell activation in inflamed tissues. Oral administration of cystamine reversed all aspects of the deficient phenotype. These findings suggest that one cysteamine function is to upregulate inflammation. Consequently, the pantetheinase activity of Vanin-1 molecule could be a target for a new anti-inflammatory strategy.
Vanin-1 -/-mice show decreased NSAID-and Schistosomainduced intestinal inflammation associated with higher glutathione stores
model is extensively used to investigate liver delayed hypersensitivity response. In humans, the severity of hepatic injury associated with schistosomiasis is under the control of the 6q22-q23 locus, referred to as SM2 (22) . This region is highly syntenic with mouse 10A2B1, the location of Vanin gene cluster. In this study, we investigated intestine injury following Schistosoma infection, because the intestine is the second main site of egg deposition injury (23) . In both models, tissue damage is associated with oxidative stress. Mice that lack NADPH oxidase activity (gp91phox -/-) are less susceptible to NSAID injury than WT mice (24) . Similarly, schistosomiasis is characterized by an altered balance between pro-oxidant and antioxidant process inflammation (25) (26) (27) (28) .
We showed that Vanin-1 -/-mice better controlled inflammatory reaction and intestinal injury in both experiments. This protection was associated with increased γ-GCS activity and GSH stores, as well as reduced inflammatory cell activation in inflamed tissues. Oral administration of cysteamine reversed all aspects of the deficient phenotype. These findings suggest that one of cysteamine's function is to upregulate inflammation. Consequently, the pantetheinase activity of the Vanin-1 molecule could be a target for a new anti-inflammatory strategy.
Methods
Mice. Vanin-1 -/-mice backcrossed on a BALB/c background (nine generations) were kept in a specific pathogen-free mouse facility and handled according to the rules of Décret n 87-848 du 19/10/1987, Paris. Animal experiments were performed according to the legal authorization certificates delivered for the Centre d'Immunologie de Marseille Luminy (authorization 007031) and one of the group leaders (P. Naquet, authorization 13-70).
Drug administration. Indomethacin (Sigma-Aldrich, St. Louis, Missouri, USA) was administered at a dose of 25 mg/kg in 5% sodium carbonate to Vanin-1 -/-(n = 5) and WT (n = 5) mice in two subcutaneous injections at 12-hour intervals. Mice were sacrificed 20 hours after the first injection. Cystamine (Sigma-Aldrich) was given by gavage three times on day 1 and once on day 2 at the moderate total dose of 120 mg/kg. Mice were sacrificed 5 hours after the last gavage. To evaluate the impact of cystamine on indomethacin treatment (Sigma-Aldrich), Vanin-1 -/-(n = 5) and WT (n = 5) mice received cystamine prior to indomethacin injection. Intestinal bleeding was evaluated by harvesting the whole intestine and disrupting the tissue in water. Serial dilutions were used to quantify hemoglobin (Hg) content using Hemastix Reagent Strips (Bayer AG, Leverkusen, Germany). Results were expressed in milligrams of Hb per gram of tissue.
Infection with Schistosoma mansoni. Vanin-1 -/-(n = 10) and WT (n = 10) mice were percutaneously infected with 150 cercariae of Schistosoma mansoni (Puerto Rican strain). A first cohort was used for survival studies and three others for biological assays. Survival studies. We followed survival of mice daily after S. mansoni infection. During the acute phase of the disease (8-12 weeks after infection) (29) , the severity of intestinal injury was monitored by quantifying the presence of Hb in feces. For this purpose, droppings were collected daily and resuspended in a 1:5 wt/vol ratio of distilled water. Samples were diluted ten times and the Hb concentration was assayed as done previously.
Histopathological analysis. After sacrifice, small intestines of the indomethacin-treated mice were removed, formalin fixed, and paraffin embedded. They were cut to 4-µm thickness and stained with hematoxylin-phloxine-saffron. Immunohistology was performed on small intestine cryosections using the anti-Vanin-1 H202-407 mAb (1) revealed with a mouse-adsorbed goat anti-rat Ig-HRP (Southern Biotechnology Associates Inc., Birmingham, Alabama, USA) using tyramide-cyanin-3 (Cy3) as substrate (Perkin Elmer Life Sciences Inc., Boston, Massachusetts, USA). Villus height and width were measured on 15 sections per mouse (three WT and three Vanin-1 -/-indomethacin-treated mice) obtained for every 500 µm of small intestine, using a quantitative image analysis system (Biocom Technologies, Poulsbo, Washington, USA).
Colons of Schistosoma-infected mice were frozen in OCT, cut to 10-µm thickness, and stained with H&E. Double-labeling studies were performed using a combination of FITC-coupled anti-epithelial cell adhesion molecule (anti-Ep-CAM) mAb (30) and direct incubation with the tyramide-Cy3 substrate for the detection of myeloid cells showing active peroxidase activity. Quantification of peroxidase-positive areas was performed using the Metamorph software (Universal Imaging Corp., Downingtown, Pennsylvania, USA) using pictures taken of distinct areas of tissues (×10). Results were obtained from the analysis of four to ten different pictures per mouse (WT = 6, Vanin-1 -/-= 8), and the following information was gathered: total analyzed area in square micrometers, percentage of stained area, mean area of stained cells (one cell giving a signal of 20-50 µm 2 ). Confocal microscopy analysis was performed similar sections stained with FITC-coupled anti-Ep-CAM mAb and tyramide-Cy5 using a Zeiss Confocor2 microscope (Carl Zeiss SAS, Le Pecq, France). Ten-micrometer optical sections were acquired on the whole thickness of the tissue.
Myeloperoxidase activity. Intestinal samples (3 cm) taken from the most injured part, that is, the colon of S. mansoni-infected mice and the small intestine of indomethacin-treated mice, were homogenized in 0.5% hexadecyltrimethyl-ammonium bromide. Myeloperoxidase (MPO) activity was determined as described previously (31) .
Semiquantitative RT-PCR. Total cellular RNA was isolated from small intestine samples of indomethacintreated mice by guanidinium thiocyanate phenolchloroform extraction. The cDNA amplifications were performed using the following primer sets: iNOS (32), cyclooxygenase-1 (COX-1) (33), COX-2 (34), macrophage inhibitory protein-2 (MIP-2) (35), and hypoxanthine phosphoribosyl transferase (HPRT) (36) . Relative quantification of iNOS and COX-2 gene expression was carried out as done previously (37) . For each primer set, six PCR analyses were performed, ranging from 32 to 42 amplification cycles. Bands were scanned (The Imager; Appligene, Illkirch, France), and OD was quantitated using an image analyzer (Biocom Technologies). The results were plotted on a semilogarithmic scale against the sampling cycle number to obtain amplification curves. Values obtained at 36 cycles, which were within the linear phase for all sets, were related to HPRT values.
Determination of γ-GCS activity and GSH levels in liver and intestine. The γ-GCS activity was determined as described (38) . GSH levels were determined according to Tietze et al. (39) .
Statistical analysis. Data are expressed as mean plus or minus SD. Values from experimental and control groups were compared using the Student t test. P values less than 0.05 were considered statistically significant.
Results

Lack of Vanin-1 reduced intestinal injury following indomethacin treatment.
Vanin-1 is highly expressed on enterocytes in WT but not in Vanin-1 -/-mice and is preferentially localized at the brush border (Figure 1 , a-f). Histological examination of intestinal injury following indomethacin treatment showed that WT mice had altered intestinal villi, which appeared swollen and increased in width. At higher magnification, we noted an edema of the lamina propria under the epithelial lining of the intestinal villi. In contrast, the intestinal wall of the Vanin-1 -/-mice appeared histologically normal, without architectural disorganization of the intestinal villi. Morphometric analysis showed shorter and larger villi in WT mice as compared with Vanin-1 -/-mice (height, 407 ± 34.6 µm versus 528 ± 35.7 µm; width, 132 ± 12.4 Ïm versus 98 ± 7.9 µm, respectively). Consequently, the length/width ratio was drastically diminished in the WT mice (Student t test; P < 0.001). Furthermore, in several areas WT mice villi were severely damaged and disrupted (data not shown). These structural changes were associated with a drastic reduction of MPO activity (Figure 1g ). Moreover, intestinal bleeding was observed in WT mice, with 9-21 mg Hb/g tissue, in contrast to less than 2 mg Hb/g tissue in Vanin-1 -/-mice. Thus, the absence of Vanin-1 attenuates duodenal injury.
Lack of Vanin-1 reduced inflammatory response to indomethacin treatment. We evaluated the expression of a number of inflammatory factors following indomethacin treatment. Basal COX-1 mRNAs were expressed equally in WT and Vanin-1 -/-mice; under our experimental conditions, mRNA levels were not affected whatever treatment was applied. The other mRNAs assayed were expressed at low basal levels in control conditions (Figure 2 ). Indomethacin treatment triggered a sharp MIP-2 mRNA expression in WT but not in Vanin-1 -/-mice, while iNOS and COX-2 mRNA levels were fourfold and twofold higher, respectively, in WT than in Vanin-1 -/-mice. To link firmly the reduced inflammatory factor expression in Vanin-1 -/-mice to cyst(e)amine deficiency, cystamine was given to indomethacin-treated mice. The treatment reversed the Vanin-1 -/-phenotype; that is, it restored mRNA expression to WT levels. The effect was not due to cystamine itself, because under our conditions cystamine administered alone did not change iNOS and MIP-2 mRNAs despite a moderate upregulation of COX-2. The lack of detectable MIP-2 mRNA in the absence of Vanin-1 was in agreement with the drastic reduction of intestinal MPO (Figure 1g) .
Vanin-1 -/-mice survived longer following S. mansoni infection. The severity of intestinal inflammation is a prognostic factor in the pathology induced by S. man- soni infection (40) . Indeed, the 8-to 12-week postinfection period is the acute phase of S. mansoniinduced inflammation. This period was critical for survival of WT mice, with eight out of ten mice dying at this time. Mortality was delayed in the Vanin-1 -/-group, and only three out of ten mice died during this acute-phase period. Survival in the mutant group was then stable for 4 weeks, until deaths resumed at 16 weeks after infection (Figure 3a) . After 20 weeks after infection, only two Vanin-1 -/-mice were still alive. Among the eight S. mansoni-infected WT mice that died during the 8-to 12-week postinfection period, five showed severe intestinal bleeding, with a very high Hb level in the feces (Figure 3b) . At autopsy, their cecum and colon were swollen and infiltrated with blood. Such an appearance was never seen for Vanin-1 -/-mice, which had less abundant and more transient intestinal bleeding than WT mice. Typical intestinal samples from the two groups are displayed in Figure 3c . Histological and immunohistological analysis of colon cryosections performed 8 weeks after infection showed a severe disorganization of the mucous membrane of the colon in WT but not Vanin-1 -/-mice. In WT mice, crypts of Lieberkühn were reduced in depth, with increased diameter and more mucus production (Figure 4) , compared with the Vanin-1 -/-mice that presented histologically normal crypts of Lieberkühn. In WT mice, peroxidase-positive cells were detected both in the submucosa and in the lamina propria of mucous membrane between the crypts of Lieberkühn, whereas these cells remained confined to the submucosa in Vanin-1 -/-mice. Confocal analysis shows that peroxidase-positive cells were in close contact with disrupted Ep-CAM-positive epithelial lining of the crypts of Lieberkühn in WT mice. In contrast, in Vanin-1 -/-mice myeloid cells remained in the submucosa. This submucosal localization was noticeable even in granulomatous areas around parasite eggs in Vanin-1 -/-mice. Taken as a whole, myeloid cell infiltration was quantified by measuring the percentage of the total area covered by peroxidase-positive cells on tissue sections of colons (WT = 3.2% versus Vanin-1 -/-= 1.3%; P < 0.01) and by the global MPO activity extracted from whole tissues (WT = 8.5 ± 1.2 versus Vanin-1 -/-= 6.4 ± 0.5 mU/mg protein; P < 0.01). All these findings show that myeloid cell infiltration and tissue damage were more pronounced in WT than in Vanin-1 -/-infected mice.
Lack of Vanin-1 led to increased GSH levels in liver and intestine. In the liver, GSH stores were significantly higher in Vanin-1 -/-than in WT mice in either healthy or experimental animals (Table 1a) . Changes in GSH levels reflected changes in γ-GCS activity, which was, in all cases, significantly higher in Vanin-1 -/-than in WT mice, whereas GSH reductase (GR) activity was comparable (56.7 ± 3.1 and 48.7 ± 2.6 mU/mg protein in WT and Vanin-1 -/-mice, respectively). S. mansoni infection triggered a major oxidative stress in WT mice; consequently, liver GSH levels dropped dramatically despite an increase in γ-GCS enzyme activity. GR activity was also reduced to 29.5 ± 3.8 mU/mg protein. Strikingly, in Vanin-1 -/-mice infection induced a drastic increase in γ-GCS activity, which was significantly higher than in WT mice, whereas GR activity remained unchanged, suggesting a better preservation of GSH homeostasis in this group. As a result, GSH levels did not show the decrease observed in WT animals. Upon indomethacin treatment, similar variations in γ-GCS activity were observed. In this case, GSH stores were maintained at normal levels in WT mice whereas they were enhanced in Vanin-1 -/-mice. The oxidized glutathione/GSH ratio was less than 1% in untreated mice and less than 2% in inflamed mice (data not shown). Importantly, cystamine administration dramatically reduced both γ-GCS activity and GSH levels in control mice as well as in indomethacin-treated animals. As a result, cystamine suppressed the difference between Vanin-1 -/-and WT mice.
In the intestine, GSH concentrations paralleled those observed in the liver, however, at a lower level: GSH stores were significantly higher in the absence of Vanin-1 in untreated as well as in indomethacin-treated mice. Basal γ-GCS activity needed for constant renewal of GSH intestinal pools from liver-derived GSH was identical in both types of mice. In contrast, indomethacin treatment induced a significant reduction in γ-GCS activity in WT mice whereas activity remained unchanged in Vanin-1 -/-mice. As observed in the liver, cystamine administration annihilated the effects of Vanin-1 inactivation; therefore, it reduced intestinal GSH levels in both groups of mice.
Under our experimental conditions, changes in γ-GCS activity were not associated with changes in enzyme expression: in liver, as in intestine, Vanin-1 -/-mice displayed normal levels of γ-GCS catalytic and modifier subunit mRNAs. The latter remained unchanged after indomethacin treatment (data not shown).
Discussion
We showed that Vanin-1 -/-mice are less susceptible to intestinal inflammation, either acute (indomethacin treatment) or chronic (S. mansoni infection). In the S. mansoni infection model, a main pathological feature is the presence of diffuse intestinal hemorrhages (40) . Such injuries were dramatically reduced in the absence of Vanin-1, with consecutive prolonged survival after lethal infection. WT and Vanin-1 -/-mice had comparable parasite burdens, since equivalent numbers of eggs were found in both groups (data not shown). Vanin-1-deficient mice that survived intestinal injury later died from liver disease, since disease progression in the liver proceeded similarly in Vanin-1 -/-and WT mice (data not shown). This discrepancy between liver and intestinal effects of the lack of Vanin-1 could be related to the distinctive form of chronic liver inflammation induced by S. mansoni, since the inflammatory reaction protects liver against the cytotoxic compounds released by the eggs (41) . The positive effects of attenuated inflammatory response are counterbalanced by a prolonged survival of parasite eggs in the organ (our unpublished data).
In the indomethacin inflammatory model, several transcripts associated with inflammatory cell activation known to be induced by this drug (42, 43) were barely expressed or even undetectable in the intestine of Vanin-1 -/-mice. Among them is MIP-2, a local chemoattractant for neutrophils (44) , which plays an important role in the progression of indomethacin-induced intes- 
Figure 4
Cryosections of colon (×100) from three, independent, infected WT (a-c) or Vanin-1 -/-(d-f) mice at 8 weeks after infection. Sections were stained with H&E (a and d) or stained with tyramideCy3 (b-e), a peroxidase substrate (yellow/red fluorescence) combined with anti-Ep-CAM (green fluorescence) mAb. Note increased mucus production in the crypts of Lieberkühn (*) in WT mice. These pictures are representative of images observed in independent WT (n = 6) or Vanin-1 -/-(n = 8) mice, and quantification is performed using the Metamorph program as described in the text. Arrowheads indicate disrupted intestinal mucosa; arrows indicate Schistosoma eggs.
tinal inflammation (24) . Absence of MIP-2 expression in Vanin-1 -/-mice was, as expected, associated with a reduced MPO activity. In agreement, in humans the migratory function of neutrophils involves the Vanin cluster (45) .
Protection of Vanin-1 -/-mice following indomethacin treatment was associated with higher GSH levels, as compared with WT animals. GSH is well known to play crucial regulatory functions in the context of inflammation because it is required to maintain the cellular redox status and to scavenge free radicals. Furthermore, GSH modulates immune functions by the regulation of several pathways, including lipid mediator synthesis as a cofactor of glutathione peroxidases (46, 47) . Increase in GSH levels in Vanin-1 -/-mice likely results from enhanced liver synthesis as indicated by an increase in γ-GCS activity. Indeed, this organ serves as a central GSHgenerating organ that supplies kidney and intestine with other constituents of GSH resynthesis (48) through the catabolism of GSH by γ-glutamyltranspeptidase (49) . As a consequence, GSH stores are lower in the intestine than in the liver (49) (50) (51) . In agreement, we found that GSH levels in the intestine reflected GSH status in the liver, with values significantly higher in treated Vanin-1 -/-than in WT mice. Basal γ-GCS activity, which is required for the maintenance of a normal GSH pool in the intestine, was comparable in Vanin-1 -/-and WT mice. This suggests that under homeostatic conditions the intestinal GSH pool might be dependent mainly upon liver production through GSH metabolites. Under stressed conditions that enhance Vanin-1 expression (data not shown), however, γ-GCS activity drops in WT and not Vanin-1 -/-tissues, reflecting the local inhibitory effect of cysteamine production as occurs in the liver. Finally, despite the presence of Vanin-3 transcripts in the liver of Vanin-1 -/-mice (data not shown), our results seem to suggest that compensation is not absolute between the two pantetheinase isoforms. This result is in agreement with the fact that cysteamine production is undetectable in the kidney and liver of Vanin-1 -/-mice (6). Vanin-3 is probably secreted and might exert its effects at distant sites (4) .
In vitro studies show that cystamine downregulates γ-GCS activity, acting as a glutamine analogue (17) (18) (19) . Our findings show that similar effects are observed in vivo. Undetectable pantetheinase activity and cysteamine levels in Vanin-1 -/-mice were associated with higher γ-GCS activity in the liver, as compared with WT mice, either in control or experimental animals. In agreement, cystamine administration dramatically reduced the enzyme activity and GSH levels in such a way that the difference between the two groups was cancelled. Cystamine action seems to mimic the negative feedback regulation of γ-GCS by GSH through the GSH binding site while interacting with a sulfhydryl group at a second site (52) . Other disulfides are unable to fulfill these rather stringent requirements and therefore are unable to inhibit this enzyme (19) . This provides a likely explanation for the gastrointestinal ulcerogenic effect of cysteamine (21) .
Because of its pleiotropic effects, however, cystamine might exert a protective effect in some particular cases. Administration of low doses of cystamine is assumed to inhibit transglutaminase activity in the brain and decreases Huntington disease symptoms in the mouse (53) .
Our results show that pantetheinase activity of Vanin-1 molecule is a major regulator of intestinal inflammation, acting through cysteamine release. This effect might be due to the combined effect of downregulation of GSH levels and enhanced recruitment of myeloid cells at inflamed sites; therefore, pantetheinase inhibitors would have protective effects against intestinal inflammatory disorders. These findings provide a rationale for a new anti-inflammatory strategy. 
